ABSTRACT: This study presents an approach based on the Bayesian paradigm to identify and compare observed changes in the timing of phenological events in plants. Previous studies have been based mostly on linear trend analyses. Our comprehensive phenological dataset consists of long-term observational records (> 30 yr) within the 1951-1999 period across central Europe, from which we selected 2600 quality-checked records of 90 phenophases (mostly in spring and summer). We estimated the model probabilities and rates of change (trends) of 3 competing models: (1) constant (mean onset date), (2) linear (constant trend over time) and (3) change point (time-varying change). The change point model involves the selection of 2 linear segments which match at a particular time. The matching point is estimated by an examination of all possible breaks weighted by their respective change point probability. Generally we found more pronounced changes in maritime Western and Central Europe. The functional behaviour of all 2600 time series was best represented by the change point model (62%), followed by the linear model (24%); the constant model was the least preferred alternative. Therefore, non-linear phenological changes were by far the most commonly observed feature, especially in Western Europe. Regression analyses of change point model probabilities against geographic coordinates and altitude resulted in some significant negative regression coefficients with longitude; in contrast, the constant model probabilities increased with longitude. Even when differences between locations across Europe existed, an overall trend towards earlier flowering was determined at most locations. Multiple regressions confirmed that mean advancing trends in the 1990s were stronger in the northwestern part of the study area.
INTRODUCTION
Phenology is a field of research which studies the annual rhythm of biological phenomena mainly related to climate (Schnelle 1955) . Centuries ago, especially for agricultural purposes, phenological knowledge improved the understanding of the variation in life cycle events. Today, several European countries still have active phenological monitoring networks and continuous long-term data series (Menzel 2003) . Their data have recently been collected by the COST 725 action (www.cost725.org). Although an old and traditional science, phenology is still relevant to present day activities and policies and has attracted increasing attention in recent years. Since climate change due to global warming may invoke massive problems for mankind and nature, the interest has focused on the possible and already observed impacts of climatic changes in nature (Rosenzweig et al. 2007 ). Many studies show that the timing of phenophases such as the date of first flowering, budbreak, unfolding of first leaf, first bird migration or egg laying is correlated with climate variables (Sparks & Carey 1995 , Ahas 1999 , Crick & Sparks 1999 , Schwartz 1999 , Sparks 1999 , Sparks et al. 2000 , Sparks & Menzel 2002 , Menzel 2003 , Schwartz et al. 2006 . Evidence from long-term phenological monitoring studies in Europe is now accumulating (e.g. Rosenzweig et al. 2008) , and results show that the past climate variation and recent climatic and atmospheric trends are already having impacts on species physiology, distribution and phenology (e.g. Hughes 2000) . Earlier spring development is occurring in different parts of Europe: Ahas (1999) reported that springtime had advanced 8 d on average over the last 80 yr and even faster over the last 40 yr. Menzel & Fabian (1999) and Menzel (2000) analysed phenological data from the International Phenological Gardens for the period 1969-1998 and detected that the average beginning of the growing season across Europe advanced by 8 d. These results and many other long-term phenological monitoring studies emphasize that phenology is a fundamental topic within global change science (see recent reviews by Walther et al. 2002 , Parmesan & Yohe 2003 , Root et al. 2003 , Rosenzweig et al. 2007 .
In the present study, we focus on long-term phenological time series of ≥ 30 yr within the period 1951-1999 on well-distributed and recorded plants in Central Europe. Only a few phenological studies cover more than 30 yr, and some have already detected a near European-wide warming in early spring over the last 30 yr with a corresponding progressively earlier onset of spring and summer phenophases (Menzel & Fabian 1999 , Defila & Clot 2001 , Chmielewski & Rötzer 2002 , Sparks & Menzel 2002 , Estrella et al. 2007 ). However, the results of these studies were mostly based on linear trend analyses. With the Bayesian concept, which is applied in the present study, we are able to compare model probabilities to describe the records and their resulting aggregated trends. A challenge of the present and similar studies (Schleip et al. 2006 is to emphasise the importance of phenological processes in nature. A single day is the smallest temporal resolution of most phenological observations in vegetation, forest growth, crop and pollen forecast models (Schaber 2002) . When causes and patterns of plant phenological reaction to climate change are analysed, the intrinsic uncertainty and variability of phenological data must be considered. Keeping this variability in mind, the present study aims to identify and quantitatively compare regional differences in trends between several phenophases and species across Europe. Specifically, we compare the probabilities of the change point model to other classical models (linear and constant) indicating the best fit to the observational records. The resulting mean trends, averaged for the 1990s, of 8 phenophases spanning the relevant seasons are analysed and compared to variations in the onset of phenophases at the end of the 20th century.
METHODS

Phenological data
We used phenological data from the database of the 5 FP-EU Project POSITIVE -Phenological Observation and Satellite Data (NDVI): Trends in the Vegetation Cycle in Europe (contract no. EVK2- CT-1999-00012) . The data comprised phenological records on common species including herbs, agricultural crops, fruit and forest trees. The observation stations included > 2600 time series of a defined seasonal event. In total, 119 different phenological events were recorded in this comprehensive dataset. Not all stations included the same species and phenophases. Most of the data consisted of spring and summer phenophases such as leaf unfolding or flowering, but also included autumn phenophases such as leaf colouring and leaf fall. The phenological observations provided a good geographical coverage for Central, Eastern and part of Western Europe (Austria, Switzerland, Germany, Slovenia, Poland, Estonia and the former Soviet Union [hereafter 'Russia']) within the period 1951-1999 (Table 1) . The longitudes and latitudes of the observational stations ranged from 5 to 65°E and 45 to 65°N, respectively, and the altitudes from 0 to 1400 m above sea level. A quality check following the method of Scheifinger et al. (2002) was conducted to exclude outliers and single observations which had been possibly incorrectly recorded.
The minimum number of observational years required at a single station was set to 30. Ninety of the 119 phenophases met these selection criteria. Thus our corrected European phenological dataset included 2600 quality-checked phenological time series of ≥ 30 yr comprising 90 phenological phases and covering a geographical range of 6°17' to 63°7' E and 45°98' to 61°81' N. Substantial differences in observed species and the recorded years existed among the surveyed countries. Consequently, the spatial density of all available series was different between phenophases and countries: there were fewer data available 
Models
The Bayesian analysis of the time series follows the methodology introduced by Dose & Menzel (2004) , to which we refer for computational details; for a more user-friendly explanation we recommend Schleip et al. (2006) . Within this section we limit our explanations of the Bayesian analysis on the fitting of competing models. The results of the time series description are given in annual numbers of change point probability or trend; in the latter part of the present study a subset of these results for the 1990s is further analysed.
Three different models were used to describe the time series. The constant model represents the hypothesis of no change with a functional behaviour constant in time and an associated zero rate of change. The linear model assumes a linear change of the observed phenomenon with an associated constant rate of change. The change point model allows for a timevarying rate of change and thus is an indicator for nonlinear changes. Its development starts from triangular functions, hence 2 linear segments, which match at particular change point choices. The change point model function has one variable at the beginning of the time series in Year x 1 with the assumed functional value f 1 , and another variable at the endpoint of the time series in Year x N with the assumed functional value f N . Although the endpoints of the time series remain fixed in the subsequent calculations, the intermediate Year x E with associated functional value f E can assume all Years x 2 ≤ x E ≤ x N -1 (Dose & Menzel 2004) . The support functional values, as well as the change point of the 2 linear sections making up the triangular function, are variables of the calculation (Dose & Menzel 2004) . If N is the number of entries on the time scale, there are N -2 possibilities (excluding the endpoints) for the change point position. Within the Bayesian analysis, all possible triangular functions for the present data were overlapped and weighted by their respective change point probability which leads to the change point function.
The probabilities of the 3 models for each time series were also calculated from Bayesian model theory. If none of the 3 models exhibits a dominant probability, then we eliminate the variable 'model' from the calculation by a marginalization step, superimposing the 3 answers for functional behaviour and trend weighted by the respective model probabilities. The latter averaging process does not modify the shape of the trend derived from the change point model, but adds an offset due to the constant contribution from the linear model and a modification of the amplitude by the amount of model probability obtained for the change point model. This latter model-averaged information for functional behaviour and trend has been used in the present study. As the trend information is given annually, resulting average changes in the 1990s, at the end of the time series, could be calculated.
First, the model probabilities were used to investigate which model best described the observations. Starting from a general analysis over all the phenophases, the entire corrected dataset was used to determine if the model probabilities changed under certain conditions. All 2600 time series of the European dataset were examined and grouped by country, ordered from west to east. In this very broad and general screening test, the single probabilities were first examined separately for each phenophase and site and were then grouped and summarised.
Altitudinal gradients were studied for alpine countries such as Austria, Germany and Switzerland. For the most complete and best distributed 8 phenophases, multiple regression analyses were used to investigate the dependence of model probabilities on altitude, longitude and latitude. Interpolated maps (triangle-based interpolation method with Delaunay criterion, de Floriani & Puppo 1992) were produced to show the spatial distribution of the mean onset dates and resulting trends for the 1990s.
For 2 selected phenophases, maps illustrate the model probabilities and the phenological trends at European stations, allowing for a visual spatial assessment of the temporal patterns in phenological changes.
RESULTS
Model probabilities over all phenophases by country and altitude
Viewed over all countries and records, the change point model had the highest probability, with maximum results near 100% and an overall mean of 61.9% (Fig. 1) . With a closer look at the single probabilities for each country, it can be seen that western European countries had higher change point probabilities than eastern European countries. Change point probabilities for Switzerland and Germany ranked at the top with medians of 68 and 65%, respectively. For Estonia, Poland and Russia, the 95% confidence intervals of the medians included the 50% change point probability limit (dashed vertical line in Fig. 1 ), while only for Russia did median probability fall below 50%.
The linear model ranked second. On average, nearly a quarter and up to a maximum of 61.1% of all time series best fit this functional description. In Austria, Estonia, Poland and Russia the linear model frequently had probabilities > 25%. The median in Estonia for the linear model probability model was 33%, a substantial fraction compared to the other model probabilities. In only about 14.4% of all time series did the constant model prove to be the best functional solution. There were rare cases where its probability reached a maximum of 55%.
In general, there was a strong preference for the change point model, indicating a more abrupt change in phenology in recent decades in Europe. As the countries in Fig. 1 are grouped from west to east, it is obvious that mean probabilities of the change point model were higher in Western Europe. In the same way, the probabilities for the linear and constant models, indicating gradual or no change, respectively, increased with eastern longitude.
Change point model probabilities did not rise constantly with altitude. With a median of 55.5% at altitudes of about 1000 m a.s.l., the change point probability was relatively low compared to the median value at 900 m (65.7%) and at 1100 m (77.7%) (Fig. 2) . Relatively high change point model probabilities of around 70% (median) were also reached at the highest altitudes, >1200 and >1300 m a.s.l.
Dependence of geographical position on model probability, mean onset and model-averaged trends
For 8 selected phases (see Table 2 ), the influence of the geographic position of the observation site was tested by multiple regression analyses. The model probabilities of the 3 models, the mean onset of the 1990s and the resulting model-averaged annual trend for the 1990s were used as dependent variables. The regression equation was calculated with Latitude, Longitude, Altitude and Country as independent variables. The variable Country turned out to be insignificant; therefore, the regression equation was recalculated with only the geographic coordinates and altitude ( Table 2 ). The following description will concentrate on the regression equations without country as a factor. Table 2 shows the results of the regression analysis of model probabilities and geographic coordinates including altitude. The influence of geographic position varies strongly among models and phenophases. For Sorbus aucuparia beginning of flowering (BF), Table 1 ). Inner grey box is the 95% CI for the median; 25th and 75th percentiles are at either end of the box; the range is indicated by the horizontal line. Outliers (> 2 SD) are marked as asterisks; the median is denoted by a vertical line; the mean is denoted by the circle with a cross; vertical dashed line marks the 50% change point probability limit
42% of the linear model probability can be explained, for Syringa vulgaris BF 25%. For the other 6 phenophases, the linear model probability is hardly (i.e. R 2 ≤ 0.2) dependent on the geographic position of the site. Only 3 regression coefficients of latitude and 1 of longitude were significant and positive at the 5% level; for altitude, 2 coefficients were significant, but one was positive and the other negative.
The change point probability model explained 39 and 23% of the variation in Sorbus aucuparia BF and Corylus avellana BF, respectively. The significant regression coefficients were positive for latitude and negative for longitude and altitude. Four phenophases showed strong geographical dependence for the model probabilities of the constant model; in addition, this regression analysis led to the most significant regression coefficients, positive for longitude and negative for latitude and altitude. However, it must be reiterated that the constant model was the least preferred model (see Fig. 1 ).
As expected, the mean onset dates in the 1990s were strongly influenced by geographic position and elevation (Table 2 ). All regression coefficients of the flowering and leaf unfolding phenophases were significant (R 2 = 0.59-0.81, p < 0.05) and positive. Only for the phenophase autumn leaf colouring (AC) of Betula pendula were the coefficients negative and significant (for latitude and longitude, but not for altitude). The course of the mean onset of the spring phases had a pronounced latitudinal and a weak longitudinal component leading to a S-N onset pattern. Only Corylus avellana BF revealed a slightly larger SW-NW spread (see Fig. 4 ). The altitudinal gradient was between 2 and 5 d per 100 m. The onset of Betula pendula AC moved from NE towards SW.
Finally, we analysed the geographic influence on the model-averaged trends for the 1990s (Table 2 ). The altitudinal regression coefficients were negligible. For 5 phenophases with R 2 ≤ 0.2, the corresponding regression coefficients were all significant for longitude and, except for one, latitude. The longitudinal gradients were positive, the latitudinal negative. Therefore, stronger negative trends were situated in the NW and weaker negative or even positive trends can be expected in the SE.
Spatial distribution of model probabilities for 2 selected phenophases
The model probabilities for Syringa vulgaris BF in Eastern Europe, especially in Estonia, showed a strong preference for the linear model (Fig. 3b) . On the other hand, Betula pendula AC showed a higher preference for the change point model. On both maps, the preference for the change point model is lower in eastern European countries and even acquires a high probability for the constant model at some stations (Fig. 3 , blue dots). 
Maps of mean onset dates and mean trends in the 1990s
Maps of mean onset dates and mean trends in the 1990s are given in Figs. 4 & 5 for 8 phenophases: Corylus avellana, Tussilago farfara, Taraxacum officinale, Syringa vulgaris, Malus domestica and Sorbus aucuparia BF; Betula pendula leaf unfolding (LU); and B. pendula AC, spanning seasons from early spring to autumn. In the 1990s, each spring phenophase had an earlier onset in Western Europe than in the east. In southwest Germany in particular, spring phenophases were characterised by a relatively early onset (Fig. 4) . In the Baltic Basin, the latest onset of each spring phenophase was recorded. For species such as Tussilago farfara, Taraxacum officinale and Malus domestica, other areas of earlier flowering were those influenced by the Black Sea and surrounding the Carpathian Mountains (Fig. 4b,d,f) . In Central Poland, some phenophases such as C. avellana, B. pendula and Syringa vulgaris BF had a more delayed onset (Fig. 4a,c,e) . Tussilago farfara was an exception, with an earlier onset in Central Poland (Fig. 4b) . Areas of more delayed onsets for nearly all spring phenophases were common in the Alpine countries. In autumn, an earlier colouring of the leaves of B. pendula in northeastern Europe and a later colouring in Western Europe were found (Fig. 4h) . These spatial patterns of mean onset dates were very similar to the distribution patterns of the trends. Western Europe has generally higher negative slopes than Eastern Europe. Spring phenophases, with the exception of Corylus avelana BF, nearly all showed negative trends of approximately -0.5 d yr -1 in the 1990s for large areas of Germany (Fig. 5) . The distribution of trends for C. avellana BF is striking (Fig. 5a) . The higher slopes of negative trends were not confined to western parts of Europe, but advancing trends of >1 d yr -1 were also seen in Estonia, where maximum negative trends of more than -1.5 d yr -1 were reached. The Alpine region revealed very variable trend patterns. For Corylus avellana, the Alps seemed to have a more delayed effect on the trends. However, other phenophases, such as Betula pendula LU and Taraxacum officinale BF, had a negative trend of more than
, e.g. in parts of Austria. In southern Germany, Austria and Slovenia, trends were very often negative, with confidence intervals always below zero (Fig. 5c,d) .
At one station in the Baltic Sea region, Betula pendula AC showed strong advancing trends of more than -1.5 d yr -1 (Fig. 5h) . In general, a tendency towards a more delayed autumn colouring of leaves was observed in Western Europe than in the east.
DISCUSSION
There are many studies indicating climate change impacts on the phenology of plants; these frequently include long-term phenological monitoring studies in Europe (see Rosenzweig et al. 2007 ). The present study adds new aspects concerning the temporal patterns of these changes, which were assessed by a Bayesian model comparison using a comprehensive common database of the EU-Project POSITIVE (identical to COST 725 database, plus some countries of the former Soviet Union). In accordance with other long-term phenological studies (≥ 30 yr), the present study also indicates an earlier occurrence of spring phenophases as a likely consequence of climate warming rather than normal climatic variability. However, the dominance of the change point model clearly underlines that these changes did not occur gradually, but more or less abruptly. In this sense, the present study confirms results showing a marked change towards an earlier onset in the mid-1980s in Central Europe (Chmielewski & Rötzer 2002 , Dose & Menzel 2004 , Studer et al. 2005 . The advantage of the present study is that its findings are solidly based on 2600 records of ≥ 30 yr in 7 European countries. This European-wide spread of observational data also allows an analysis of the spatial pattern of model probabilities and associated trends in Europe. In Eastern Europe, the dominance of the change point model is less prevalent compared to the linear and constant models, but is still the best fitted method to describe the functional behaviour. The linear model suggests rather continuous changes, perhaps due to a more steadily changing climate. The constant model could even hint to a fixed climate status quo or resilience against global impacts. However, according to the change point model most plants in Western Europe followed temporally uniform patterns in their phenological changes.
Besides climate warming, site-specific factors and genetic background may have a modifying impact on phenology. The onset of phenophases is also influenced by local landscape, maritime climate, land cover type, proximity of large bodies of water, elevation, local climate type, relief and vegetation pattern as well as other factors. In the present study, inherent phenological variability causes similar uncertainties as in conventional studies with other statistical methods.
Due to the broad spectrum of analysed species and phenophases, we can conclude from our analysis that species' phenophases often react in specific ways. Differences can be found between species and/or phenophases; some adapt quickly, and others do not. The early spring phenophases such as Corylus avellana, Tussilago farfara and Taraxacum officinale BF and Betula pendula LU seem to have reacted very quickly to a warming climate. Change point probabilities of early spring phenophases and corresponding trends are very diverse. Phenophases with quick changes are very likely associated with higher percentages of the change point model than phenophases which react more slowly or occur later in the year. The Bayesian temperature sensitivity analysis (Schleip et al. 2009 ) underlined the results of the present study. Schleip et al. (2009) indicated that plants showed different sensitivities to temperature changes according to the time of year of their onset. They found that we can distinguish between phenophases which show a prompt temperature response pattern and those phenophases with a delayed response pattern. They concluded that especially abrupt temperature changes during sensitive stages of species, mostly during spring, cause a change in the plant phenological date.
The interpolated maps of the long-term time series (Figs. 4 & 5) of the mean onset dates and mean trends of 8 key phenophases in the 1990s may be biased. The density of observation sites in eastern European countries is too low and produces interpolations over large areas with barely interpretable values. We confirmed the S-N movement of the mean onset of the 1990s as detected visually for most of the spring phenophases with a multiple linear regression (Table 2b ). In contrast, Menzel et al. (2005) reported a stronger W-E component for the spread of spring phenophases across Europe in warmer years. This difference might be due to a lack of western stations in the Atlantic and northern stations in Scandinavia in our analysis. Only mean onset of Corylus avellana contained a clear W-E gradient. The phenophase Betula pendula AC revealed expected negative gradients for all 3 geographical coordinates (latitude, longitude, altitude). The R 2 of 0.7 was high for an autumn phase; this indicates that the continental gradient of the station distribution leads to a pronounced spread of this autumn phase from NNE to SSW.
The positive longitudinal and negative latitudinal gradient for the model-averaged trends are interesting (Table 2c ). The latitudinal gradient is greater, leading to a stronger N-S and a small W-E component, meaning that northwestern stations have stronger negative model-averaged trends in the 1990s.
Comparing Fig. 3 with the results of the regression in Table 2a , we can prove that the regression equation for the change point probabilities for Betula pendula AC shows significant negative longitudinal and positive latitudinal regression coefficients. The interaction of these 2 gradients leads to lower values of the change point probability in the southeast. In contrast, the constant model probabilities follow a SE to NW gradient; however, few stations prefer the constant model in general. The map for Syringa vulgaris BF displays the high preference of the change-point model in Central Europe, the preference of the linear model in the Baltic states and the lower model probabilities in the East. The regression equations for the 3 model probabilities partly mirror this picture. The regression analysis of change point model probabilities explains <10% of the variation in this phenophase, but this value increases to 25% for the linear model probabilities, and here the probabilities increase from NE to SW. The probabilities for the constant model display a SE to NW divide; this cannot be visually extracted from the map, again because too few stations prefer the constant model. The regression equations confirm that there are differences in the spatial distribution of model probabilities as well as in model-averaged trends of the 1990s. The spatial pattern for the model-averaged trends is uniform for 7 out of 8 analysed phenophases (except for the autumn phase): there is a strong decrease from NW to SE, indicating that the shift to earlier BF is more pronounced in western stations and a delay of onset can be observed for eastern stations. Station elevation does not influence the model-averaged trend. Ziello et al. (2009, this Special) found some hints of altitudinal influence on trends, but the influence was weakly significant and their study area was concentrated in the Alpine region.
Results demonstrate that the assumed climate-driven changes reported in dates of spring phenophases occurred heterogeneously. There exist certain regions where phenological events have shifted towards an earlier date, e.g. in areas of western Germany or in the influence zone of the Black Sea and surrounding the Carpathian Mountains. However, an opposite shift towards a later phenological date was also observed in large areas such as central Poland and areas of the Baltic Basin. High mountains such as the Alps represent climate barriers and cause very high variability at small scales.
Our results concerning the European and regional trends of spring phenophases largely agree with those of Menzel (2000) concerning the seasonality of trends, and with those of and concerning increased trends in Western Europe and the Baltic Sea region. In Ahas et al. (2002) , the linear trends of Betula pendula LU and Syringa vulgaris BF are similar to the mean results of our analysis for the 1990s; however, the longitudinal change in trends differs due to the methods applied (e.g. here a delayed onset in Poland which was not seen in Ahas et al. 2002) . Our results reveal more insight into the spatial patterns of phenology on a European-wide scale with a longitudinal variation in change point probability and general regional differentiation in resulting trends. 
